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SUMMARY
TUNNELBYTHE
YOZZLE
A decreaseinMach
hasbeenshownto occur
numberwithincreaseininduction-jetpressure
experimentallyinonetypeof inductiontunnel
at induction-jetpressuresinexcessofthelowestv+ue requiredto
attainthehighestsubsonicMachnumber.Thisperformanceharacter-
isticwaaanalyticallydemonstratedtobe associatedwithc~okingof
theinducedflowby theflowfromthe’inductionnozzle.Theanalysis
providesa meansofpredictingtheoccurrenceof tiductionchokingso
thatitcanbe adequatelyconsideredindesign.Useofanauxiliary
inductionnozzleoperat~gu a chokeris~gested as a-meansof -
controllingthespeedofa tunnel.
INTRODUCTION
andanalyti-
lto 4). In
orreversal
Considerableworkhasbeendonebothexperimentally
tallytowardthedevelopmentof inductiontunnels(refs.
thepreviouswork,no unusualperformanceharacteristic
ofexpectedperformancewasreported.Recently,however,duringtests
to determinetheperformanceof the24-inchinductiontunnelatthe
PicatinnyArsend, OrdnanceCorps,Dover,N. J.,a decreaseinstream
Machnumberwasobservedto occuras thepressureoftheinducingair
intheinductionnozzlewasincreasedinthehigh-subsonicspeedrange.
Thisunusualperformancewaadefinitelyestablishedas a distinctopera-
tionalcharacteristicofthetunnelandithasbeenanalyticallystudied.
Thepurposeofthepresentpaperistopresentheexpertientaldata
demonstratingthisunusualandundesirablep rformanceandtopresent
an analyticalmethodforpredictingitsoccurrence.Thisinformation
supplementshe
ofan induction
materialpresentedon thedevelopmentandperformance
tunnelinreference3. d
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SYMBOLS
A cross-sectionalarea
a
f
g
H
M
P
Q
R
velocityof sound
functionalnotation
accelerationdueto
totalorstagnation
I&chnunber,V/a
stati:pressure
massflow, P/Iv
gasconstant
gravity
pressure
T absolutetemperature;staticunlessotherwisespecified
v velocity
Y ratioofspecificheats(1.4forah)
P massdensity
Subscripts:
1 station
2 station
3 station
atbeghningoftestsection
at endoftest
at junctureof
type I tunnel
4 stationat junctureof
fortypeIItunnel
sectionfortypeI tunnel
diffuserandinduction-jetnozzlefor
testsectionandinduction-jetnozzle
5 stationdownstreamfromstation4 where p isconstant
throughoutregion
c stationat endofchokerjet
s Tertainsto inducingflowthroughinduction-jetnozzle
.’
.
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.
m throatorregionofminimumareain induction-jetnozzle
o stagnationconditions
t pertainsto inducedflowthroughtestsection
max maxhllum
Primedsubscriptsapplytoauxiliaryor chokernozzle.
DISCUSSION
GeneralPerformance
,
Twotypesof inductiontunnelsthataregenerallyusedareshown
infigures1 and2. Theonlygeometricdifferencebetweenthetwo
typesisinthelocationoftheinductionnozzle.Inthefirstarrange-
ment,ortypeI (fig.1),theinductionnozzleislocatedinthedif-
fuserdownstreamof thetestsection.Inthesecondarrangement,or
typeII (fig.2),theinductionnozzleislocatedatthe$mctureof
thetestsectionandthediffuser.
Fruma stiplifiedanalysisbasedona transferofmomentumfrom
theinducingah to theinducedair,andonthebasisof jet-efficiency
considerateions,typeII (fig.2) offerspossibilitiesofbeingmore
efficientthantypeI (seealsoref.2). InductiontunnelsoftypeI,
however,offerdefinite.advantagesfroma practicalaspectwherethe
installationf~quipment,suchasmodelsupportstruts,intheair
passageshastobe considered.Experimentalperformancedatahavebeen
obtainedon inductiontunnelsoftypeI, forwhichrepresentativedata
(takenfromtheinvestigationreportedinref.3) arepresentedin
figures3 and4.
Figure3 showsthattheMachnumber,athetestsection(between
stations1 and2) ticreaseswithincreasinginduction-jetstagnation
pressureuntila valuearound1.0isattained.(ThemaxtiumMachnumbers
infig.3 weresomewhatgreaterthan1.0becausethetest-sectiondiver-
gencewasgreaterthantherateofboundary-layergrowth,asexplained
inref.3.) Increasingtheinduction-jetstagnationpressurefurther
causeslittleorno changeinthetest-sectionMachnumber,whichisthe
usualaerodynamicchokingofa subsonictunneldueto’itsgeometry.
Inasmuchasth%stypeoftunnel(typeI)hasa divergentpassage
betweenthetestsectionandtheinductionnozzle,expansionofthe
flowto evenhigherMachnumbersinthediffuserbetweenstations2
and3 (fig.1) ispossible.Theexpansionsthatoccurinthediffuser
produceMachnumbersinexcessofthemaxhnumobtainableinthetest
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section,as showninfigure4. Thefigureshows,fora largerangeof
induction-jetstagnationpressures,thatthemaxtiumobtainableMach
numbercontinuouslyincreaseswithinduction-setpressure.These
results(figs.3 and4) areinaccordwithexpectedperformance.
Theperformancedataforan inductiontunneloftypeII (fig.2)
fromtestsinthe2k-tichigh-speedtunnelat thePicatinnyArsenal
sreshowninfigure5. ThedatashowthattheMachnumberincreases
withincreasein induction-jetstagnationpressureuntila valueof 1.0
isapproached.Furtherincreasesh thejetpressuregenerallyproduce
decreasesintheMachnmber inthetestsection.Thedataalsoshow
that,astheratioofthetest-sectionalareatotheminimumjetarea
At/& increaaes,theextentofthedrop-offinMachnumberatthehigh
induction-jetstagnationpressuresdecreases.Froma studyof fig-
ures5 and2,thetunnelperformanceshowninfigure5 appearedtobe
a resultofa chokingeffectoftheflowfromtheinductionnozzleon
theflowthroughthetestsection.
Theperformancedatashowninfigure5 wereobtainedwithouta
modelinstalledinthetunnel.Thedragofa modelinstalledinthe
tunnelwouldnecessarilyincreasetheinduction-jetstagnationpressure
‘ requiredtoproducea givenMachnumberand,as indicatedby theexperi-
mentaldataoffigure5, chokingwouldoccurearlier.Inaddition,the
wakeofthemodel,whichconsistsofa flowareaofreducedtotalpres-
sure,wouldineffectreducethearea At andwouldproducearlier
choking(seefig.5). Thesetwoseparateffectsofa modelinthe
tunnelon choldngareadditive;as a consequence,theperformancedata
as showninfigure5 areconservative,andthistypeofperformanceis
consideredan objectionableperformanceharacteristic.
Analysis
Theavailableanalyticalworkforsubsonictunnelshasbeenlimited
to induction-jetstagnationpressuresbelowthatrequiredto obtaina
Wch numberof 1.0intheemptytestsection.Theperformanceathigher
jetpressuresisthereforeanalyzedandpresentedsothattheunusual
performanceshowninfigure5 fora typeII tunnelcanbe predictedana-
lyticallyandthuseliminatedintheinitialdesignwithoutresortingto
experiment.
Intheanalysis,thefollowingasswnptionshavebeenmade: (1)At
station5, downstreamfromstation4 (fig.2),thestaticpressureis
coqstanthroughoutthearea A5 andtheareacanbe consideredequal
tothetotalareaat station4; (2)thechangesinstateiuboththe
inducedandinducingflowsfromtheirregionof lowvelocityorstagna-
tionconditionsto station5 occuradiabatically,andlossesintotal
, ad (3) the total w=ss~e fi the jet H-jpressurecanbe neglected-
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issufficientlyargethattheMachnumberofthejetflowthroughthe
throatoftheinductionnozzle~ isequalto 1.0,andtheMachnumber
ofthetestflowat station5 Mt5 is1.0. Theseassumptionsrequire
that thestaticpressurethroughouttheflowat station5 correspondto
thecriticalpressureforthetestflow(approximately0.528Ht).
Themassflow Q
Q=
=
=
throughanarea A is
PAV
@Ma
()~1/7‘0H Al@@
H pl/7m~
()
——
R$I!OH
Sincethemassflowfromthejetthrough
themassflowfromthejetat station5
‘s5—=
Am
.
7+1
thethroat~ isequal
Qj5j eqmtion (1) gives
7+1
(1)
to
(2)
—-——— ———— .— — ..——— — —_
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.
Now
[-1H7~1-1()M2=L. –7-1P
andby assunption
Y()% ~= 7 +17-1—=Pj~plnz
Substitutingtheserelationsintoequation(2)yields
1
r-
II
1/2
1
7+1
‘[ -1
1/2
()
= ~~
7-1
Y-i
()
(7+1)27-2
—.———. ———____ .
.
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Theinducedflowthroughthetes’tsection ~ andat station5
%5 istreatedina similarmannerto obtain
7+1
(
2
)
+7-1 2 2(7-1)
——7+1 7+1%
=
4
By definition,
A5 = Aj5+ 45
By assmption,
A5 = A4
r
.
f%
Ab %5Aln +5
G=rq+-
Substituting‘equations(3) and(4)into
A4
—=
At
7+1
<)
b~~
[1
7-1 l/2+At Ht ~
()
(7+l)~7_2
equation(5)yields
(4)
(5)
(—+E2 2=7+1 7+1 %)
——. —--— —————--
.—— --——- .- —-—— -- ——–--—
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Inorderto simplifythediscussion,equation(6) canbe expressedas
(7)
()For y = 1.4, f=~% and f(Mt) increasewithincreasesh Hj/~ and
~, respectively(figs.6 and7). Theminimwnvalueof Hj/Ht that
willsatisfytheassumptionsinthederivationcanbe obtainedfrom
equation(6)by substitutingthecorrespondingvaluesobtainedfrom
thetunnelgeometryfor *4, MY
(f(Mt)= 1.0 fromfig.7).
In a giveninductiontunnel,
tions(6) and (7) is Hj andthe
and ~ ‘andby letting~ = 1.0
theindep-endentvariableinequa-
dependentvariableis Mt. Forsome
tunnels,wherethedesi~ ofan inductionnozzlepermitstheminimum
jetareatobe changed,Am isalsoa variable.Fora giveninduction
tunnelinthepresentanalysis,At isa constant.Examinationf
equation(1’)showsthat,‘fora givenvalueof &, as Hj is increased
aboveitsminimumrequiredvalueMt decreases.Similarly,fora
givenvalueof Hj,as & isincreasedMt decreases.Thesedirec-
tionsofchangesreinaccordwiththetunnelperformanceshownin
figure5 athighjetpressures.
Thetheoreticalperfommnceofthe24-inchigh-speedtunnelat
thePicatinnyArsenalhasbeencomputedby usingequation(6); the
geometricdimensionsofthesubjectunnelwereusedto determineA4,
At,and ~ (Ht wasatmosphericpressureandwasassumedtobe
14.5lb/sqin.abs).Thetheoreticalperformanceiscomparedwith
experimentalperformanceinfigure8. Theverycloseageementbetween
theoryandexpertientshowsthatthechokingeffectwhichproducesthe
objectionableperformanceharacteristiccanbe predictedanalytically
andthuscanbe adequatelyconsideredinthedesign.
PossibleApplication
Thisstudyalsoindicatesthepossibilityhata secondaryinduc-
tionnozzlecouldbe usedto controlthevelocityof flowthroughthe
testsectionby thechokingeffecthatitcanproduce.Speedcontrol
ofan inductiontunnelby regulatinginduction-jetstagnationpressure
offers omedifficultiesa a resultoftherateof changeofMach
,
.
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numberwithjetpressure(seefigs.3,k,andS)-andbecausethesupply
pressureisdecreasing(seeref.3). Insomeinstallationsa choking
devicehasbeeninstalleddownstreamofthetestsectionto regulate
theMachnumberby decreasingtheareaoftheflow.Thismethodpro-
videsspeedregulationgenerallythroughdragorpowerloss.A choker
nozzle,ontheotherhand,providespeedcontrolt~oughtiputof
ener~. Thisenergyinputcoulddecreasethepowerintroducedthrough
thestandardnozzle.Thesecondaryor chokingnozzlewouldbe located
betweenthetestsectionandthemainorprimaryinductionnozzleas
illustratedfora typeI tunnelinfigure9. Withtheuseofthenota-
tioninfigure9,equation(7)canbewrittenforthechokeras:
(8)
Fromequation(8) it canbe deducedthatthelargestrangeof
chokedMachnumberscanbe attainedfora givenrangeof total-pressure
ratioswhenthetotalareaat stationc Ac issmallandthethroat
areaofthejet ~T islarge.Theminimumvalueof Ac occurswhen
stationsc and2 coincideandthethroatofthechokernozzleisatthe
samestation.Variationsin & canbemadeby increasingtheexit
areaofthechokernozzleorbymovingthechokernozzledownstream
fromstation2, ora combinationfthetwo. Theeffectsofeachof
thetwochangesandcombinationsofthetwohavebeencomputedby equa-
tion(8) andarepresentedinfigure10,h which & by definition”
isa variabledependenton ~~.
Thecomputedperformanceshowsthatanyincreaseinareaat sta-
tionc causeschokingtobe delayedtohigherjetpressures(compare
fig.10(a)with10(b)andfig.1O(C)with10(d)).Ontheotherhand,
a downstreamshiftinstationc withoutchangingthechoker-nozzle
exitarearesultsinan increaseintheeffectof changesin At/&t
(comparefig.10(a)withlO(c)andfi.g.10(b)withlO(d)).
Inthedeterminationftheeffectsofnozzleandnozzlelocation
showninfigure10,theprimaryinductionnozzlewaaassumedtobe pro-
vidingsufficientpowerto induceflowthroughthetestsection;however,
itisest3matedthatforthelowMachnumbers,whichrequirea relatively
largevalueof &t andmoderatelyhighvaluesoftotal-pressureratio,
theentiresourceofpowerforthetunnelwouldbe derivedfromthe
chokernozzle.
—- —-— ——.— ---. — -y .. .._ _ __ __ _ _,-_
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CONCLUDINGREMARKS
A decreaseinMachnumberwithincreasein induction-jetpressure
hasbeenshownto occurexperimentallyina particularinductiontunnel
at induction-jetpressuresinexcessof thelowestvaluerequiredto
attainthehighestsubsonicMachnunber.Thisperformanceharacter-
isticwasanalyticallydemonstratedtobe ~sociatedwithchokingof
theinducedflow.Theanalysisalsoprovidesa meansofpredictingthe
unusualperformanceharacteristicsothatitcanbe adequatelycon-
sideredindesign.Useofanauxiliaryinductionnozzleoperatingas
a chokerissuggestedasa meansof controllingthespeedofa tunnel.
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